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FOREWORD

This report covers the work performed during an investigation under-
taken for the U. S. Office of Civil Defense, Department of the Army under the
direction of the U. S. Naval Radiological Defense Laboratory.

The study was monitored by Dr. Mathew Gibbons of the Naval Radio-
logical Defense Laboratory. Drs. A. D. Mason and F. D. Foley of the Surgi-
cal Research Unit, Brooke Army Medical Center, Lt. Col. A. E. Adams,
Nuclear Biological Sciences, Medical Field Service School, Brooke Army Medi-
cal Center, and Drs. 0. T. Benson and D. E. Johnson served as consultants
to the program.

The work represents a joint effort of Mr. Andrew J. Pryor, who
served as the principal investigator, Dr. Fred W. Bieberdorf and Mr. Calvin
H. Yuill. Valuable assistance with animal tests was given by Mr. John Miesse
of the Department of Physical and Biological Sciences of Southwest Research
Institute.
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ABSTRACT

A program was undertaken to define the life hazard in a mass fire
environment resulting from nuclear attack. The nature of casualties andf hazards in peacetime and wartime fires was reviewed, and experimental
efforts to simulate mass fire situations were studied.

This ýstate-of -knowledge review revealed a number of areas in need
of further definition regarding the true mass fire life hazard. These areas
have been specified and limited experimental studies conducted in two of them
in order to define their significance with respect to the overall mass fire life
hazard.
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SUMMARY

1 Definition of the mass fire life hazard involves many factors and can-
not be stated simply in any quantitative manner. This report is a qualitativef description of the hazard as it is known to date.

The first part of this program consisted of examining the life safety
problem in various possible fire environments by means of a state-of-
knowledge review. It indicates quite clearly the generally recognized hazards.
Many investigators have defined these as carbon monoxide, heat, and inade-
quate oxygen by themselves or in combination depending upon the ventilation
conditions. Others conclude generally that the important factors are heat in
open areas and carbon monoxide in shelters and that deaths occurred only in
those shelters directly exposed to burning or smoldering fuel, sometimes in
the form of rubble or debris.

Two recent studies are referenced in which a comprehensive review
of the literature relative to combustion products in fires in buildings is
,presented. Both conclude that carbon monoxide and possibly oxygen deficiency
are the primary factors in most building fires. Reference is made to the
serious effect of the combination of two or more gases each of which if
.existing alone may not be harmful.

The interrelationships in the development of carbon monoxide, oxygen
deficiency,, and other gases, or the possible existence of undetermined syner-
gisms .have not yet been defined. Also, medical i-esearch indicates the
"importance of respiratory tract injury as the primary killer of the burn
patient, yet there is, not sufficient information available to analyze the factors
involved in respiratory tract injury. No experimental work has been done on
inhalation injuries from combustion products in the upper and middle respira-
tory tract. The chemical tracheitis is not expected to occur from the inhal'a-

J tion of carbon monoxide, a reduced oxygen atmosphere, or even heat.
Noxious gases and smoke are suspected as the cause. Heat, may be a factor
in causing mucoqal injury or enhancing it in the presence of carbon monoxide
or other noxious gases.

The life hazards and physiological effects of carbon monoxide,, heat,
and reduced oxygen have been reasonably well defined for fires in individual
buildings; however, a true definition of the mass fire life hazard- requires that
the effects of these factors in combination be known. The literature reveals
very little on this subject that is applicable to the mass fire life hazard.

A limited number of animal experiments were performed to examine
the significance of any relationship between carbon monoxide and heat. It is
indicated that such a combination may be five to twelve times more lethal
than either factor considered separately.



A series of animal experiments is recommended to demonstrate the I
significance of the noxious gases and smoke in a heated stream of combustion

products from the burning of typical building materials. Such a program
would either confirm or disprove the preponderance of opinion that carbon
monoxide, heat, or anoxia are the main hazards in mass fires.
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I. INTRODUCTION

A. Background

The history of fire in warfare has been well documented by Rumpf who
points to the uninterrupted use of fire in war from "time immemorial. "T293)

The dropping of incendiary bombs during the air raids of World War II in
Germany and Japan again demonstrated the value of fire as an offensive
weapon. The mass fires created by some of these air raids literally wiped
out large sections of many cities and killed thousands of persons. Damaging
as these fires were, however, many persons survived. In general, it is the
purpose of this paper to define the life hazard in mass fires with a view to
isolating those factors that may be developed to increase the survival rate in
any future catastrophe of this nature.

The advent of nuclear bombs in the late stages of World War II demon-
strated the powe-,r of atomic warfare. One of the most serious consequences
was the development of large-scale fires. Since the destructive capability of
thermonuclear weapons has increased tremendously since that time, it
becomes even more important that all possible avenues of survival be thor-
oughly explored. Further interest in the subject of this study has developed
in recent years as the result of serious fires in individual buildings involving
large loss of life. In many instances, it has been recognized that death has
been due to causes other than external burns. Since the Cocoanut Grove fire
in 1941, medical attention has been directed toward this problem, and more
recently regulatory officials have expressed concern over the use of building
materials that are suspected of producing smoke or gases as they burn that
might interfere with escape and rescue in future building fires. Preliminary
research in the latter area has been sponsored by the National Fire Protec-
tion Association( 2 4 3 ), the United States Public Health Service(3 8 5), and the
Plastics Industry( 9 5 ). All three studies were, in effect, state-of-the-art
reviews with a considerable amount of evidence indicating that factors causing
loss of life in building fires may be of equal concern in war-induced mass fires.

B. Scope of Work

The specific objective of this study was to define the threat from
nuclear attack fires to people in fallout shelters and elsewhere, and delineate
the requirements for life safety in a mass fire environment. Although the
investigation was broad and unlimited in scope, the following areas were
defined for specific coverage:

(1) Examining the life-safety problem in various possible fire

environments by means of a state-of-knowledge review;

(Z) Suggesting interim guidance and research areas; and



(3) Initiating supporting investigative laboratory studies and para-
metric analyses.

C. Approach

The method followed has been to reexamine the evidence presented in
the three studies mentioned above and such additional evidence as can be

found as to the cause of death or injury in fires as it relates to mass fire
situations. More specifically, an attempt was made to answer the question,
"What would be the hazard in a mass fire to the person caught in the open and
the person seeking refuge in a variety of types of shelter?" Past experience
has, shown that there exists a large number of conflicts in experimental data
and that much of the experimental work involves methods and techniques differ-

ing to the extent that experimental results frequently cannot be compared.
Therefore, consideration has been given to those specific areas where addi-
tional work is needed to verify results from the past and in some cases to
extend knowledge previously gained in order to define specific situations.

Indicative of the probloms involved is the conflict of evidence on what
constitutes a dangerous exposure to heat and other products of the combustion
process. Most of the information available on the hazards of various danger-
ous gases, for instance, relates to eight-hour exposures. To the person
caught in a building fire or caught in the open under air-raid conditions, the
8-hr exposure factor is of little consequence. On the other hand, to
the person seeking refuge in a well-designed shelter, and considering the
fallout situation involved in thermonuclear weapons, it is necessary to con-
sider the situation with respect to a two-week exposure to such gases as may
penetrate into the shelter. The other factor of concern with respect to work
done in the past is the existence of gaps in knowledge of specific components
of the combustion process or of specific gases, both by themselves and in
combination with other gases and effects.

In conducting this study, consideration has been given to individual
building and mass fire situations and to the effects of products of combustion
on individuals. Specifically excluded from this study was the consideration
of the hazards of nuclear radiation and the burns or other factors resulting
therefrom. Also, experimental work has been limited to a very brief explora-
tion of some of the elements involved in the late stages of the program.

In order to familiarize the reader with the organization of this report
and provide him with an understanding of its purpose, the following brief

resumes on the content of each section are relevant. I
Section II provides a brief historical account of mass fire experience

to date and is intended to provide the reader with an understanding of the I
entire problem, giving him some of the background which established the need
for the research in this report.



Section III is an analysis of the mass fire environment based upon
those parameters thought to be most important by persons knowledgeable in
the life hazards of fires. This section is a definition of the mass fire envi-
ronment in general terms and is intended to give the reader an accurate as
possible picture of what is to be expected.

Section IV again considers the parameters thought to be most impor-
tant when analyzed from the aspect of their effects on man. Entitled "Survival
Criteria, " this section defines the life-safety hazard of each parameter dis-
cussed, not only individually but in combination with one another where the
information is available.

Section V is a careful examination of mass fires which have occurred
in the past. From these a series of conclusions is drawn based on facts or
inferences presented relative to causes of death. In addition, this section
points up the important differences in mass fires and how the life safety of
people within them is threatened by the parameters previously discussed in
Sections III and IV.

Section VI is an analysis of the life hazards presented to persons in
various shelter situations by a mass fire environment. Life safety is con-
sidered in conflagrations and fire storms (with and without fallout) for people
in the open, in OCD designated and nondesignated shelters. Also in this
chapter, the German shelter experience is evaluated. In addition, the closed
shelter which has gained such interest- since World War II is also considered
for both its internal (heat and CO 2 buildup within) and external hazard.

Section VII reports the results of a series of experimental test fires
using Douglas fir. During these tests, the combustion product stream was
analyzed for its CO, CO 2 , 02, and heat content. Under these carefully con-
trolled conditions, the only factor varied was ventilation. From these experi-
ments, the ranges of CO, CO 2 , heat, and the degree of oxygen reduction (along,
with their various ratios) may be established with regard to the varying venti-
lation rates and corresponding time.

Section VIII is a brief outline of an initial series of animaltests designed
to demonstrate the significance of certain synergistic actions regarding some
of the more common and important parameters expected to be a hazard to life
in any mass fire environment. The particular tests completed during this pro-
ject demonstrated the significance of the synergism between heat and carbon
monoxide.

D. Definitions

Any thorough analysis of life hazard in a physical situation of necessity
I involves the use of medical terms, many of which may not be clear to all

readers. While the use of such terms has been limited, complete elimination
of them could not be achieved without unduly increasing the length of this!



report. In the intercsts of brevty and clarity, we list here the definitions of
the medical terms used in this report - and also the definitions of a few
other special terms used in the report.

ANOXEMIA - Ladk of sufficient oxygen in the blood.

ANOXIA - Oxygen deficiency, with consequent disturbance in body
functions.

ASPHYXIA - Unconsciousness due to suffocation or interference of-
any kind with oxygenation of the blood.

CANNULA - An instrument devised to fit various body channels.

CAR'BOXYHEMOGLOBIN - The compound formed by carbon monoxide
with the hemoglobin in poisoning by that gas.

-CHEYNE-STOKES RESPIRATION - A type of breathing in which the
respirations gradually increase in depth up to a certain point
and then-decrease; finally, al1 respiration ceases for half a
minute or so and then begins againras before.

CONFLAGRATION - A mass fire with a moving front. Strong winds
or topography cause the fire to spread in a particular direction.

CYANOSIS - A dark bluish or purpl-ish tolor of the skin and nmucous
membranes, due to insufficient oxygen in the bloodstream.
Cyanosis appears when the reduced hemoglobin in the capillary
blood is 5 mg or more per 100 cc.

CYANOTIC - Relating to- or marked by cyanosis.

DESIGNATED SHELTER - Shelter surveyed, stocked and marked by
Office of Civil Defense', as a -shelter.

DYSPNEA - Shortness of breath; difficult or uncomfortable respiration.

EDEMA - Excessive accumulation of fluid in the tissues, causing
swelling.,

EPIGLOTTIS - The cartilage in the throat which guards the entrance
to the trachea (windpipe) and pr events fluid or food from enter-
ing it when one swall'os.

EPITHELIUM - The cells lining all the passages of the hollow organs
of the respiratory, digestive, and:urinary systems.

4
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FIRESTORM - A mass fire with stationary front. Strong inward

winds are caused by rising columns of hot gases, and the spread
of fire is largely limited to the initially ignited area.

FIREWHIRL - A violent wind devil or cyclonic action of varying size
and intensity which occurs within large fires due to the unstable
air conditions.

GLOTTIS - The vocal cords and opening between them.

HEMOGLOBIN - The pigment in the red blood cells. It is the substance
which carried oxygen to the tissues.

HYPERTHERMIA - Extremely high fever.

3 HYPERTHERMIC - Producing a high fever.

HYPOXIA - Inadequate oxygen in the lungs and in the blood.

I IN VITRO - Within glass; said especially of experiments carried on
in test tubes or outside of the living organism.

j IN VIVO - Within the living organism: opposed to in vitro.

LARYNX - The voice -box, situated between the base of the tongue and
j• the windpipe.

MASS FIRE - A fire which occurs from the merging of several sepa;
rate fires into a single fire involving a large number of buildings.

NECROSIS - Death of tissue.

j NONDESIGNATED SHELTER - Any area used as shelter which has not
been surveyed, stocked and marked by the Office of Civil
Defense authorities.1

A NOXIOUS GASES - Injurious, harmful gases.

PHARYNX - The upper expanded portion of the digestive tube, between
the esophagus below and the mouth and nasal cavities above and
in front.

TOXEMIA - Blood poisoning, the presence in the blood of any patho-

genic microorganism.

TRACHEA - The windpipe; the- sir-tube extending from the larynx to
the bronchi.

TRAUMA - A wound or injury, usually inflicted more or less suddenly.
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II. MASS FIRE EXPERIENCE

In September of this year, England will commemorate the 275th anni-
versary of the Great London Fire. DramaticallydescribedinSamuel Pepys
Diary(167), this conflagration wiped out a large section of the old London.
It was one of a series of conflagrations that, over the years, has taken a
great toll in lives and property.

Records of these early fires are apt to be sparse, if at all existent.
It was not until the late nineteenth century that detailed records were made of
mass fires. Indicative of the losses involved are records taken from the
NFPA Handbook of Fire Protection(2 4 5 ) of which Table 1 is a brief tabulation.

TABLE 1. MASS FIRES IN PEACETIME

City Year Life Loss

Chicago 1871 250
Peshtigo 1871 1,052
Boston 1872 13
Baltimore' 1904 0
San Fr-afcisco 1906 452
Tokyo/Yokahama 1923 91,334
Hakodate, Japan 1934 2, 018
Chang Sha, China 1938 2, 000
Fukui, Japan 1948 3, 000j Chunking, China 1949 2, 513

These were peacetimes fires. In some instances, the number of
lives lost in comparison to the buildings destroyed was relatively low, reflec-
ting a slow advance of the fire which allowed time for people to escape, often
with many of their household goods. The Baltirr 3re fire occurred in the
business district on a weekend. Even so, it was remarkable that no liyes
were reported lost. The San Francisco and Tokyo fires followed earthquakes,

q and covered such wide areas that escape became extremely difficult. Also,
it is difficult to separate the casualties caused by the earthquake from those
caused by the fire.

The great fires in Japan and China involved highly combustible, closely
built dwellings that invited such rapid fire spread as to.-render escape -extremely
difficult.

The potential for mass fires in today's cities still exiist;s, but to a
much lesser extent than formerly. Fire-resistive constructiOn is now required

7€



in the heavily built-up areas so that the risk decreases as older buildings are
repl]aced-by new. Greater separation between buildings, wider streets, and
better trained and better equipped fire departments add to the relative
safety of our cities today.

What is said above applies to peacetime mass fires. The methods
used in subduing the enemy in World War II demonstrated the value of fire
as an offensive weapon system. It was used with extreme effect in World
War II. The statistics compiled by Lommasson(191) and presented here as
Table 2 serve as a grim reminder of the destructive potential of fire used as
a weapon of offense.

TABLE 2. SUMMARY OF GERMAN AND JAPANESE AIR RAID
EXPERIENCE DURING WORLD WAR II

Percent of Buildings Area Burned,
City Lives Lost Population Destroyed sq mi

Tokyo 84,000 1.2 300,000 15.8 (total loss)
Hamburg 42,000 2.4 300,000 4. 5 (total loss)

12 (heavy damage)
Kassel 8,700 3.8 33,000 2.9 (total loss)
Darmstadt 8,100 7.4 22,030, 1.5
Hiroshima 70,000 28.0 68,000 4.4 (firestorm area)
Nagasaki 40,000 17.0 2,1,000 0.049 (fire only)

0.864 (fire andblast)

Unquestionably, casualties were greatly reduced due to partial evacua-
tion of cities prior to the war action. Essential workers, however, were
needed in target areas and, in some instances, particularly in the German
cities,, were afforded some protection by air-raid- shelters. In Hamburg
alone, some 240,000 people survived the extremely heavy air raids in massive,
bunker type shelters( 9 8 ). Other types of shelters were not as successful, and
many thousands lost their lives in what they had thought would be relatively
secure area . In other instances, masses of people took refuge in open
spaces, oftenwith mass casualties resulting. The reasons for the heavy
casualties in mass fires are the primary concern of this study, andall of the
possibilities -will be examined in the following sections.

The techniques of defining causes of death in fires today are not suf-
ficiently developed to assure positive meaning to -various types of analyses
that may be conducted. For instance, if a body has reddened lips and skin,
a rule of'thumbdiagnosis is "death by-carbon monoxide. " More sophisticated
studies have revealed other -cauises of the -reddening. Some studies have
unco.vered, circumstances(2 8 0 ) where traces of carbon monoxide poisoning

8



have been obliterated by other exposures. In wartime situations or mass fire

situations where the fight for survival is of prime concern, individuals are

not apt to be present having a scientific interest and the equipment neces-

sary to make measurements of temperatures, possible toxic gases, types of

smoke, oxygen levels, -and other factors that may present a hazard to life.

Thus, the present effort has been to scan in detail the available records for

clues as to what might have happened. This, in combination with current

studies of the reaction of animals and people exposed to fire conditions and

autopsies conducted on those who have succumbed to such exposures, provide

sources of information on which to assess the mass fire life hazard.

Certain other historical events provide further light on the subject.

Extreme conditions resulting from crowding too many people into too small a

space with excessive heat developing were demonstrated in the incident

known as the "Black Hole of Calcutta. " Here, in 1756, 145 men and one-

woman are reported to have been taken prisoner and thrown into a cubicle

18 ft long, 14 ft high and' 10 in. wide( 1 9 8 , 249). The cumulative body tempera-

ture caused a rise in ambient temperature and emotional stress to a point that

only twenty-two men and the woman were alive the following morning. In

more recent years, the Cocoanut Grove Nightclub fire in Boston in 1942

involved 489 deaths and more than 166 injuries(2 4 ). Such fires as this,

together with other tragic fires, provide the incentive for more intensive

research in fire prevention on the one hand and in medical treatment of burn

injuries on the other.. Many of the resulting data are applicable to the life

hazard in mass fires.

.1
I
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HII. MASS FIRE ENVIRONMENT

A. General
5,

The mass fire environm'ent is an extremely complex and changing
phenomenon. It could be said that the mass fire environment will be hot and
smoky, have changing wind velocities, and contain a conglomeration of com-
bustion products. To consider the, situation analytically, we must know how
hot for how long, how much smoke, what are the wind velocities, and what
are the concentrations and locations of the combustion products present and
their persistence.

Discussion of any one of the parameters in a, mass, fire environment
will show that there is an interrelationship between it and the others; for
example, the amount of carbon monoxide is related to the oxygen content,
and 'these are both related to the wind speed'. Perhaps more important is the
relationship of the fuel and its chemical composition with the parameters of
this environment. When considering a fixed point within a mass fire environ-
ment, one recognizes the need, of an adequate definition of terms in showing
the interrelationships of the paramete-rs involved.

,Numerous investigators have recognized these difficultie.s and expressed
their concern as to the value of extrapolating the results of experimental work
to ot~her fires. Each experimental fire presents its own patticular set of
conditionis,, and the results obtained do not always agree wkith what has been
rec6rded in others. Nevertheless, it should- be possible to define Within some
range 'the important life- safety parameter-s within a mass fire.

This section is concerned. only with the mass fire environment and
the levels of toxic gases, heat, and smoke to-be found therein. The meaning'
of the levels' of concentrations of these gases,. heat, and smoke with' -respect
to life safety is discussed-in detail in Section IV.

B. Hazards of Mass Fi'r~e Environment

1. Conivective Heat

The time-temperature history within burning buildings during
peacetime has been of much interest' in the past because of its .direct relation-
ship to the structural integrity and the safety of personnel within and around
"the burning -buildings. Present building codes reflect this interest in the
requirement for structural elements to withstand 'different amounts of expo-
sure to a standard fire.( 2 4 0 ) The ASTM E119 time-temperature curve(8} has.
been developed as a result of actual building, burns, and it -has been found to
be fairly representative of the interior temperatures ,(if not lower) as mea-
sured in:burning buildings by many -investigators since -its establish-
ment.( 3 7 , 30-7, 311) This, cur.ve, shownin Figure 1, is in no way meant to be



4WICO

Source: See Ref. -(8)

FIGURE 1. STANDARD TIME-TEMPERATURE CURVE

representative of the fire conditions expected within a mass fire, but it does
represent the temperatu'res to be expected within a fully involved burning
structure.

The temperatures or heat flux to be expected within amass fire are
not precisely defined as yet. There is considerable interest in this definition,
and much is presently being done in an-attempt to better define the heat flux
within a mass fire.( 82 )

The heat flux as measured in any fire can only be defined for that
partidular fire and at a particular measuring point. There may be questions
regarding its meaning or its relationship to other fires or even to other points
within the test fire monitored. Experimental fires to date have been small,
the largest being 40 acres in size. Some investigators have stated that mass
fires require the involvement of at least 640 acres (1- square mile).( 3 7 )

Fires are complex, and=no one fire may be typical; that is, there is no evi-
dence to reflect the similarity or reoccurrence tobe expected with regard to
any of the parametersq of interest. For these reasons, it is very difficult if
not impossible to extrapolate from these 'fires-. This is pointed out quite well
in a report by Countryman( 8 2 ) in which he states:

A


